Abstract. Samples of Ellajjun
Introduction
Oil shale is a fine-grained sedimentary rock which contains an organic matter called kerogen and from which shale oil, a mixture of hydrocarbons, can be obtained upon heating. Oil shale is found worldwide [1] . In recent times, oil shale has been the focus of many investigators due to the increase of crude oil prices [2] [3] [4] [5] [6] . Studies of oil shale have been dealing with various factors that influence its pyrolysis. Some researchers [7, 9] used HPTG, TG/DG and DSC to study the pyrolysis kinetics of crude oil and oil shale under different conditions. Other investigators [10, 11] determined the kinetic parameters and studied the reaction mechanism in different condi-tions. Reaction temperature, heating rate, mineral composition, hydrocarbon content and grain size are among the most important parameters that have a direct impact on the amount of extractable shale oil.
Particle size is one of the most important variables affecting the pyrolysis of oil shale. Several investigators studied the effect of particle size on oil yield and weight loss. The size of oil shale particles has a direct impact on the nature of the decomposition reactions of kerogen. The cracking reactions due to thermal inertia and secondary type reactions, or reactions that are catalyzed by the mineral matter of the shale are affected by the particle size of the oil shale sample undergoing pyrolysis. Due to the complexity and compositional heterogeneity of oil shale resources, it is difficult to isolate and investigate the effect of each individual factor away from minor interferences of other factors. This nature of oil shale has contributed to the disagreement between the results obtained and conclusions made by several researchers. The effect of such factors as pyrolysis temperature, heating rate and particle size on total weight loss and oil yield has been addressed most thoroughly in oil shale pyrolysis kinetics studies.
Researches conducted on oil shale dealt with determining sample weight loss, oil yield, sulfur content and effect of heating rates. Recently, Bhargava et al. [12] reported the total weight loss of oil shale to be a function of temperature and it is attributed to the losses of moisture, interlayer water from clay minerals, decomposition of certain minerals, and decomposition of kerogen into pyrolytic bitumen, which further decomposes into gas and liquid products. These losses do not include carbonate decomposition since oil shale pyrolysis is accomplished below 550 °C. On the other hand, Allred [13] has reported that the process of oil evolution during oil shale pyrolysis is a sum of two separate steps. The first step involves degradation and the second is the evaporation of products. Braun and Rothman [14] reported the reaction temperature of 487 °C for decomposition of bitumen, which involves the breaking of relatively weak chemical bonds of kerogen, while higher temperature reactions involve the breaking of much stronger chemical bonds.
Physical changes such as softening and molecular rearrangement that are associated with the release of gases and structural water have also been reported [15] at temperatures lower than 500 °C. The peak of loss occurring early in the vapor is attributed to the rapid evaporation of the organic material not chemically bonded to the kerogen network.
Some investigators [16] have found shale oil yield to increase with increasing particle size, while other researchers [17] [18] [19] [20] reported a decrease in oil yield with increasing particle size. On the other hand, Dogan [21] and Drescher et al. [22] have reported independence of oil yield from particle size change.
In this research work, the effect of increasing particle size on weight loss, oil yield and product distribution will be investigated for Jordanian oil shale samples taken from Ellajjun area.
Experimental
The oil shale samples investigated in this work were obtained from Ellajjun area, which is located in the southern region of Jordan [24] . The original oil shale samples were ground in a ball mill and sieved to the selected particle size of 10 to 40 mm. The characteristics of the studied samples are presented in Table 1 . All experiments were conducted in a stainless steel fixed bed retort. A 400 g sample of oil shale was electrically heated in a 800 cm 3 cylindrical retort. The reactor and furnace temperatures were controlled to obtain the desired retorting temperature. A type K thermocouple was inserted from the top of the retort to the middle point of the oil shale sample for monitoring purposes, while another thermocouple was situated between the external body of the retort and the inner side of the ceramic cylinder for controlling the retort temperature. The retort was heated at a 2-3 °C min -1 rate in all runs. Sweep gas at a rate of 50 cm 3 min -1 was introduced from the top of the retort in a 8 mm pipe for preheating while passing downward to the bottom of the retort, and was then allowed to sweep the generated products toward the retort topside outlet. The oven temperature was controlled and monitored by a digital temperature controller indicated as oven T.C. in Figure 1 .
The circulating coolant was maintained at 0 ± 2 °C to condense the liquid hydrocarbons and water transported from the reaction zone by nitrogen gas. The condensable hydrocarbons and water were collected while noncondensable light organics and other noncondensable gases were vented to the atmosphere. The weights of the condensed liquid shale oil and water were recorded continuously as a function of time and retort temperature as the digital balance indicated the increase of the accumulated weight on its digital panel. Finally, oil and water were separated from each other for oil yield calculation. At the end of each run, the retort was emptied and the spent shale was weighed for total weight loss measurement. 
Results and discussion

1. Total weight loss percent
Several investigators [5, 23] have studied the effect of particle size on total weight loss for different oil shale origins, including Ellajjun oil shale. The total weight loss of sample is normally measured as the weight difference between the fresh sample and sample after pyrolysis with respect to its original weight. In the present work, the final pyrolysis reaction temperature was kept at 550 °C in all runs. The oil shale weight loss of the sample encompasses the loss of moisture, volatiles, structural water in all its forms, and hydrocarbons evolution during the reaction under the selected experimental conditions. The effect of particle size on the total weight loss that includes the weight loss of water and liquid hydrocarbons (shale oil) during the run is depicted in Figure 2 . The gas weight loss is calculated as the weight difference between total loss and that of the liquid collected and measured at the end of each run.
As shown in Figure 2 , the total weight loss percent shows a maximum value with increasing particle size. The total weight loss of samples is calculated as indicated earlier and it accounts for the losses of moisture, volatiles, water associated clay, structural water and, finally, the hydrocarbons evolution. It can be seen from Figure 2 that increasing the particle size from 10 to 20 mm increases the total weight loss of sample from 18 to about 26%. This increase is attributed to the increase of the rate of secondary Fig. 2 . Effect of particle size on total weight loss percent.
reactions with increasing particle size, which produces more char and gaseous hydrocarbons due to cracking reactions that are taking place in the pores of oil shale. It is possible that at this value of particle size, the time required for bulk of molecules to travel from the reaction sites to the external surface area of the particle is acceptable within the domain of the reaction time in the retort. A further increase of particle size from 20 to 40 mm affects both primary and secondary reaction types. This influences the product diffusion from the inner parts of oil shale particles to the external surface. The process of products travel to the external surface of the reacting particles is tortuous and time-consuming and hence leads to a further decrease in the total weight loss. This decrease in weight loss from 26 to about 21% as the particle size increased from 20 to 40 mm is also accompanied by a decrease in the gas weight loss as indicated in Figure 4. 
2. Water and shale oil weight loss percent
As indicated in Figure 3 , the combined weight loss of water and liquid oil has decreased from 15 to almost 14% with particle size increasing from 10 to 20 mm. This decrease is not appreciable since it lies within the experimental error. In other words, the decrease in the amount of oil and water is not supportive to give a clear indication of the decreasing trend. Here, it can be surmised that the increase in total weight loss for the same range of particle sizes as shown in Figure 2 is due to the increase in gases production although the total weight loss percent is increased. For this particle size range, i.e. 10 to 20 mm, the increase in total weight loss is due to an increase in cracking reactions and it could be due to the exothermic heat of reaction for certain reactions inside the particle. The increase in the reaction temperature inside the particle due to the exothermic heat of reactions leads to the observed increase in the weight loss of gases. On the other hand, the decrease in the combined weight loss of both liquids for particle sizes of 20 to 40 mm is 13%. Overall, it can be said that the amount of water and liquid Particle size, mm hydrocarbons collected during runs is almost constant since the decrease is within 2%. Fig. 3 . Effect of particle size on the weight of shale oil and water produced.
Gas weight loss percent
The weight loss of gases is calculated as the difference between total weight loss and that of accumulated shale oil and water at the end of each run. It can be seen from Figure 4 that the weight loss of gases increased from 3 to 13% with increasing particle size from 10 to 20 mm. This increasing trend can be attributed to the secondary reactions of the further cracking of kerogen hydrocarbons that evolved due to the thermal effects. This explanation is supported by the trends illustrated in the above figures of total weight loss, Fig. 4 . Effect of particle size on gas weight loss.
Particle size, mm Water and shale oil weight loss percent Particle size, mm Gas weight loss percent and water and shale oil weight losses. From these figures it can be seen that total weight loss increased while that of liquids decreased slightly. It can be inferred from the curves in Figures 2 and 3 that the increase in gas weight loss is the result of cracking reactions due to the diffusional resistance to the liquid hydrocarbons produced. On the other hand, increasing the particle size from 20 to 40 mm decreased the weight loss of gases from 13 to 8%. This decrease is the result of increasing the diffusional resistance to the formed products which require more time to diffuse to the external surface of the oil shale particle.
Oil yield
Oil yield is measured with respect to amount of oil that can be destructively distilled in Fischer Assay. A standard Fischer test indicated that 16% of the sample was shale oil. As a result, the oil yield in this work was calculated on the basis of the 16% sample oil content.
The effect of increasing particle size on oil yield is shown in Figure 5 . It is quite clear that there is an initial increase in oil yield to a maximum value and a further increase in particle size results in a drop in oil yield. The oil yield increased from 82% at a particle size of 10 mm to 88% as maximum at a particle size of 20 mm. When the particle size is increased from 20 to 40 mm, the amount of oil released is decreased and this is reflected on the oil yield. Some investigators [5] studied the effect of Ellajjun oil shale particle size on oil yield and reported no change in oil yield and weight loss when particle size was increased up to 12 mm. At the same time, other researchers [23] reported an increase in oil yield with increasing particle size. Increasing the particle size leads to increasing diffusional resistance and hence reduction in the percentage of kerogen decomposition. The decrease in oil yield is proximate to 15% when the particle size is increased from 20 to 40 mm. 
Distillation of shale oil
The mixtures of water and liquid hydrocarbons generated during pyrolysis were separated into water and liquid shale oil. A sufficient amount of a petroleum-like liquid was sent for simple atmospheric distillation in Jordan Petroleum Refinery laboratories. The obtained data from the distillation has been plotted on different graphs. The distillation data has been depicted as curves of distilled volume percent versus distillation temperature. These curves give information about the boiling range of the oil fraction which will be compared with cuts of crude oil distillation.
According to the crude oil fractionation, the different cuts obtained are characterized in Table 2 . The distilled volume percent versus distillation temperature curve assists in determining the corresponding fractional percent of each cut.
The distillation data has been plotted in different figures. Figure 6 presents the distilled volume percent against distillation temperature for different particle sizes.
In this research work, the effect of particle size and subsequent diffusional inflences on the nature of the produced organic compounds were investigated using a wide range of particle sizes, viz. 40, 31.5, 25.0, 20.0, 10.0 mm.
The percent recovery of all runs has been estimated through the distillation data and found to be 87% or slightly lower. The residual fraction 
Distilled volume percent
Distillation temperature, °C of the distillation process, which boils at a temperature higher than 370 °C, was found to be 13%.
It is clear from Figure 6 that at the same distillation temperature, smallsized particles, such as 10 mm, afforded lower distilled volume percent, up to 70%, compared with large-sized particles, such as 31.5 and 40 mm. This difference is attributed to the absence of diffusional influences in small-sized particles whereas a strong diffusion resistance is present in particles larger than 31.5 mm in size. An intermediate behavior was observed in case of 25 mm particles, which further supports the truthfulness of the suggested explanation. At the same distillation temperature, oil shale of larger particle size produced 20% liquid hydrocarbons which boil below 190 °C, whereas pyrolysis of oil shale of small particle size yielded 10%. This increase in distilled volume percent is with no doubt the result of diffusional influences on product exit to the external surface of the particle and subsequent induced secondary cracking reactions.
Simple calculations show that 9.5 mm particles afforded 8% distilled volume whereas larger, 37.5 mm particles produced 4% distilled volume of naphtha and gasoline fractions. During pyrolysis of oil shale of larger particle size, the distilled volume of the produced kerosene was 34%, while 22% was distilled during pyrolysis of oil shale of the smallest particle size. Upon pyrolysis of oil shale of the largest particle size, 42% of the produced diesel fraction was distilled, whereas 50% was distilled during pyrolysis of oil shale of the smallest particle size.
Conclusion
It is quite clear from this study that increasing the particle size does not have a clear increasing effect on total weight loss, as well as on that of oil, water, and gas in the oil shale samples investigated. The increase in particle size resulted in a decrease in the percentage of naphtha and gasoline products. Kerosene production was increased with increasing particle size and this is the result of diffusional influences on the products generated due to the pyrolysis process whereas the diesel fraction decreased with increasing particle size. The impact of diffusional influences during pyrolysis is reflected on the percentage change of different fractions during distillation.
